Introduction {#s1}
============

Depression is considered a critical psychiatric disorder associated with neuronal dysfunction in specific brain regions that usually result from stress stimuli ([@B1]--[@B3]). An important factor in the production of neuronal damage is neuroinflammation, which has been shown to be associated with a number of neurological diseases ([@B4]--[@B6]). Moreover, inflammation has also been shown to play a critical role in the pathogenesis of depression, although the pathophysiological mechanisms are not fully understood ([@B7]). Results from previous studies have indicated that increased levels of pro-inflammatory factors including interleukin-1 (IL-1), interleukin-6 (IL-6), tumor necrosis factor-a (TNF-a), and reactive oxygen species (ROS) are present in patients with major depressive disorder (MDD) ([@B8], [@B9]). These results suggest that activation of inflammatory pathways may represent a significant component in the pathophysiology of MDD ([@B10], [@B11]). Therefore, a detailed characterization of the molecular mechanisms underlying these inflammatory processes in depression phenotypes can provide promising insights into therapeutic approaches that targeting specific deficits resulting in depression.

Recent evidence has indicated that chronic stress could cause structural and functional neuronal changes within specific brain regions ([@B12], [@B13]), the neuropathological abnormalities which also found presented in major depressive patients ([@B3]). Previous work within our laboratory has revealed that rats subjected to chronic unpredictable mild stress (CUMS) show neuronal ultrastructural abnormalities involving dendritic spines and synapse deficits in brain regions associated with depression ([@B14], [@B15]). Dysfunctions in synaptic formation or structure are thought to be related to a variety of neurological and neurodegenerative disorders ([@B16]--[@B19]). However, whether treatment with neuroprotective agents results in amelioration of these specific neuronal abnormalities and thus underlying the antidepressant-like effects upon behavior have yet to be investigated.

Ginsenoside-Rg1, the major active ingredient extract from the herb *Panax ginseng C.A. Meyer*, has been shown to function as a potential neuroprotective agent in several animal models of neurological diseases, such as Alzheimer\'s disease (AD) ([@B20], [@B21]), and cognition and memory impairments ([@B22], [@B23]). Recent studies within our laboratory have shown that ginsenoside-Rg1 was able to ameliorate depression-like behaviors as well as prevent the reductions in brain-derived neurotrophic factor (BDNF) protein levels in the prefrontal cortex of rats subjected to chronic stress ([@B24]). Recently, the ventral medial prefrontal cortex (vmPFC) has emerged as an important brain region in response to the stress stimuli and thus considered may involve in the pathogenesis of depression ([@B25], [@B26]). Such results suggest that the antidepressant-like effects of ginsenoside-Rg1 may in part, be related to its neuroprotective effects. However, the detailed neuronal mechanisms underlying the neuroprotective effects of ginsenoside-Rg1, and, in specific, its relevance to the antidepressant-like effects via inhibiting inflammatory process activities and neuronal damage in depression remain largely unknown.

Therefore, in the present study, we investigated some of the bases for the neuroprotective activity responsible for mediating the antidepressant effects of ginsenoside-Rg1 treatment in the CUMS-induced animal model of depression. These results will provide new insights into the antidepressant mechanisms of ginsenoside-Rg1, which we hypothesize may involve neuroprotective effects through modulation of inflammatory activation, synaptic deficits and neuronal apoptosis within depression-associated disorder.

Materials and Methods {#s2}
=====================

Animals
-------

Male Wistar rats weighing 220--240 g were obtained from the Shandong University Experimental Animal Centre. All procedures were approved by the Shandong University Animal Care and Use Committee and were performed in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals (National Research Council, 1996). Rats were housed in groups of four per cage under controlled temperature (22--24°C) and light (12-h light/dark cycle) conditions. Food and water were freely available throughout the study except during particular experimental procedures. Rats were acclimatized to the laboratory conditions for at least one week prior to use in the experiments. All efforts were made to minimize pain and numbers of the animals used in these experiments.

Drugs and Treatment
-------------------

Ginsenoside-Rg1 was purchased from the National Institute for the Control of Pharmaceutical and Biological Products (Beijing, China). The purity of ginsenoside-Rg1 for experiments was \>99%. Ginsenoside-Rg1was dissolved in physiological saline (NaCl, 0.9%) at a concentration of 10 mg/ml. Dose and route of ginsenoside-Rg1 administration used in the present study were conducted as based on previous studies ([@B15], [@B24]). In all experiments, drugs were administered intraperitoneally (i. p.) in a constant volume 30 min prior to CUMS exposure. These treatments were conducted daily over the 5-week period of the experiment. All rats were administered saline (10 ml/kg) daily for three days prior to the experiment to habituate them to the intraperitoneal injections. Rats were randomly allocated to one of the following four groups with *N* = 18/group: (a) control (non-CUMS), (b) CUMS, (c) ginsenoside-Rg1 pretreatment (40 mg/kg) followed by control, (d) ginsenoside-Rg1 pretreatment (40 mg/kg) followed by CUMS.

CUMS Procedure
--------------

The CUMS procedure was conducted as described previously ([@B27]). Briefly, rats in the control (non-CUMS) group were housed in groups of four per cage in separate standard laboratory rooms/conditions to avoid the influence of the stress stimulation. Rats in the remaining three groups were housed individually in a separate room and were exposed to stressors daily for 5 weeks. A variety of stressors were used including 24 h food deprivation followed by 24 h water deprivation, cage shaking (2 h), physical restraint (2 h), 5 min cold swimming (at 4°C), cage moisture (24 h), foot-shock (0.5 mA, 0.5 s), 45° cage tilt (24 h) and overnight illumination. One of these stressors was applied each day and the sequence was presented in a random order (Figure [1A](#F1){ref-type="fig"}).

![Ginsenoside-Rg1 protects against depression-like behaviors induced by CUMS exposure. **(A)** Experimental design: schematic figure of the treatment protocol. **(B)** Pretreatment of ginsenoside-Rg1 (40 mg/kg) reversed the decreased consumption of sucrose solution in CUMS-exposed rats in the sucrose preference test. **(C)** Pretreatment of ginsenoside-Rg1 (40 mg/kg) reversed the increased immobility times and decreased swimming times of CUMS-exposed rats in the forced swim test. All values are presented as means ± SEM (*N* = 18). ^\*\*^*P* \< 0.01 CUMS vs. Control group; ^\#\#^*P* \< 0.01 G-Rg1+CUMS vs. CUMS group. G-Rg1, Ginsenoside-Rg1; SPT, Sucrose preference test; FST, Forced swim test.](fimmu-09-02889-g0001){#F1}

Behavioral Tests
----------------

Behavioral tests were conducted after 5 weeks of CUMS exposure by an observer blind as to the treatment regime. The following sequence of tests was administered.

### Sucrose Preference Test

The sucrose preference test was performed as described previously with minor modifications ([@B27]). Briefly, in the adaptation phase, rats were placed individually in cages with two bottles of sucrose solution (1%, w/v) for the first 24 h period followed by one bottle of sucrose solution being replaced with tap water for the second 24 h period. In the test phase, rats were first deprived of water and food for 24 h and then exposed to two bottles for 3 h, one containing 100 ml of 1% sucrose solution and the other 100 ml of tap water. Total consumed volumes of sucrose solution and tap water were measured and the sucrose preference was defined as the sucrose consumption/\[water consumption + sucrose consumption\] × 100% during the 3 h test.

### Forced Swim Test

Twenty-four hours after the sucrose preference test, rats were subjected to the forced swim test as described previously ([@B28], [@B29]). Briefly, in the initial training phase, rats were placed individually in a cylinder (height: 80 cm, diameter: 30 cm) filled with 50 cm of water at 25 °C for 15 min of forced swimming. Then twenty-four hours later, each rat was placed in the cylinder for a 5-min testing phase. The immobility (floating except for movements required to maintain their head above water) and swimming times were recorded during the swimming test. In this cylinder, rats cannot touch the bottom or escape and the water was changed after each test.

Brain Dissection
----------------

Twenty four hours after behavioral tests, rats were anesthetized with sodium pentobarbital (150 mg/kg, i.p.) and were slowly perfused with 100 mL 0.9% NaCl containing heparin sodium salt followed by 200 mL 4% paraformaldehyde (PFA). After perfusion, the brains were removed and post-fixed with 4% PFA overnight at 4°C followed by immersions in 10, 20, and 30% sucrose at 4°C for graded dehydration. Parts of brains were then cut into serial coronal frozen sections (30 μm) for immunofluorescence assay, and other brain samples were sliced into 4 μm thick coronal paraffin sections for immunohistochemistry and TUNEL staining. The sections embraced vmPFC regions (coordinates from bregma: +3.24 mm; medial/lateral: ±0.5 mm; dorsal/ventral: −5.0 mm, for Wistar rats at age 8 weeks) were selected for assays.

Immunofluorescence Assay
------------------------

The antibodies used for immunofluorescence analysis were primary polyclonal rabbit anti-ionized calcium binding adaptor molecule-1 (Iba-1) (1:500, WAKO, Japan), rabbit anti-glial fibrillary acidic protein (GFAP) (1:100, Proteintech, USA), and goat anti-4-hidroxynonenal (4-HNE, 1:100, ab46545, MA, USA). Primary antibodies were followed by the fluorescent-conjugated secondary antibody (goat anti-rabbit IgG; rabbit anti-goat IgG, 1:200, Sigma-Aldrich). The fluorescent images were acquired using a confocal scanning microscope (LSM780, Carl Zeiss, Germany). At least six representative images were taken from each rat for analysis by Image-Pro plus 6.0 software.

Immunohistochemistry
--------------------

Brain sections were deparaffinized and rehydrated as described above. After antigen retrieval, sections were incubated with 3% H~2~O~2~ for 10 min and blocked in 5% BSA (containing 0.1% Triton X) for 1 h followed by an overnight incubation at 4°C with primary antibodies to active caspase-3 (1:300), active caspase-9 (1:300), Bcl-2 (1:100), and NeuN (1:400). Following three washes with PBS, the sections were incubated with the horseradish peroxidase (HRP) conjugated goat anti-rabbit IgG (1:200) secondary antibody for 1 h at room temperature. For visualization, sections were stained with 0.05% 3,30-diaminobenzidine (Sigma). The number of immunoreactive cells in the mPFC area was assessed using light microscopy (Nikon, Japan) at x400 magnification. Ten fields were randomly selected from each section. Cell counts were obtained by averaging the total cell numbers from each animal per group. The positive/total cell numbers were calculated and used to determine active caspase-3, caspase-9, and Bcl-2 expression levels.

TUNEL Staining
--------------

Brain samples were fixed in 4% paraformaldehyde for 24 h and cut into paraffin embedded sections to measure TUNEL positive cells using the In Situ Cell Death Detection Kit® (Roche, Germany) following the manufacturer\'s instructions. Briefly, 4 μm slices were deparaffinized with xylene and rehydrated with graded ethanol concentrations (100, 95, 90, 80, 70%) followed by incubation with protease K (10 μg/ml) at room temperature for 15 min to block non-specific protein interactions. The slices were subsequently incubated with the TUNEL reaction buffer for 1 h at 37°C followed by incubation with 50 μl DAB substrate (DAKO, Denmark) for 10 min at room temperature. The Images were captured with use of light microscopy (Nikon, Japan) at × 400 magnification. At least three different fields (500 × 500 μm) per slice were randomly selected for visualization. The number of TUNEL positive neurons was counted within 12 randomly selected fields per rat. The positive cell index was expressed as cells/mm and used to indicate apoptosis levels.

Oxidative Stress Measures
-------------------------

### DHE Analysis

For analysis of brain ROS production, coronal frozen sections (12 μm) of included vmPFC regions were stained with DHE as previously described ([@B30]). Briefly, sections were incubated with 10 μM DHE (Invitrogen) for 30 min, and then stained with DAPI (ThermoFisher) for 15 min. Samples were imaged with use of a Zeiss LSM 700 scanning laser confocal microscope. The DHE-staining results were pixilated and quantified using the Image-pro plus image analysis system. Values were expressed relative to the fluorescence signal of respective control images.

### Malondialdehyde (MDA) Concentration

The vmPFC regions were dissected separately and homogenized in ice-cold buffer solution for the determination of MDA content using a commercial assay kit (Nanjing Jiancheng Inc.) with slight modifications as previously described ([@B6]). All samples were assayed in duplicate and MDA levels were normalized to the total protein content.

Western Blot Analysis
---------------------

Two days after behavioral testing, rats were anesthetized with sodium pentobarbital (150 mg/kg, i.p.), and the dissociated vmPFC tissues homogenate (in 150 mM NaCl, 20 mM Tris--HCl, 2 mM EDTA, 1% Triton X-100, 1 mM PMSF, phosphatase inhibitor cocktail, pH 7.4) was centrifuged at 1000 × *g* for 15 min at 4°C. The supernatant was collected for biochemical analysis and protein concentration was determined using the BCA protein assay kit (Pierce Bio-technology, Inc., US). Equal amounts of protein from each brain sample (25 μg) were subjected to SDS-PAGE analysis. The resolved proteins were transferred to PVDF membranes (Millipore, Bedford, MA), blocked overnight in 5% nonfat milk, and exposed overnight at 4°C with an appropriate dilution of primary antibodies: anti-BDNF (1:500, Santa Cruz Biotechnology, Santa Cruz, CA), anti-CREB (1:1000), anti-phospho-CREB (1:200) (Cell Signaling Technology, Beverly, MA), anti-PSD-95 (1:800, Santa Cruz Biotechnology, Santa Cruz, CA), anti-synaptophysin (1:1000, Cell Signaling Technology, Beverly, MA), anti-Bcl-2 (1:1000, Cell Signaling Technology, Beverly, MA), anti-Caspase-9 (1:200, Abcam Co., UK), anti-cleaved Caspase-3 (1:500, Abcam Co., UK), anti-p38 MAPK (1:1000), anti-phospho-p38 MAPK (1:500), anti-NF-κB P65 (1:1000), anti-NF-κB phospho-p65 (1:500) (Cell Signaling Technology, Beverly, MA), anti-Nrf2 (1:1000, Abcam Co., UK), and anti-β-actin (1:8000, Santa Cruz Biotechnology, Santa Cruz, CA). The secondary antibody was horseradish peroxidase-conjugated antibody (1:5000, Santa Cruz Biotechnology, Santa Cruz, CA). All proteins were detected using an enhanced chemiluminescence detection kit (GE Healthcare, Buckinghamshire, UK) and protein band densities were quantified by densitometry with β-actin as the loading control using Image-J software (NIH, Scion Corporation, Frederick, MD). Final data were expressed as a percent of the control. Data were generated from 6 to 8 rats per group.

Real-Time Quantitative PCR
--------------------------

Total RNA was isolated and extracted from vmPFC samples using the TRIpure Reagent kit (Invitrogen, USA). Total RNA (2 μg) was reverse-transcribed into cDNA by using the All-in-One™ miRNA First-Strand cDNA Synthesis Kit (GeneCopoeia, China) according to manufacturer\'s instructions. The reverse transcription reaction was amplified using a Bio-Rad CFX96 Detection System (Bio-Rad, USA). Quantitative Real time-PCR was performed with use of the ChamQ SYBR qPCR Master Mix (TaKaRa, Japan) on the Bio-rad IQ5 Real Time PCR System (Bio-Rad, USA). Reaction conditions were: 95°C for 30 s and 40 cycles of the amplification step (denaturation at 95°C for 10 s, annealing at 55°C for 10 s and extension at 72°C for 15 s). The specific primers used for qPCR are listed in supplemental data (Supplementary Table [1](#SM1){ref-type="supplementary-material"}). GAPDH served as a loading control in each sample and gene expression levels of interest were evaluated using the 2--(ΔΔCt) method.

Enzyme Linked Immunosorbent Assay (ELISA)
-----------------------------------------

Concentrations of IL-1β, IFN-γ, and TNF-α were measured with use of an ELISA kit (Abcam Co., UK) according to the manufacturer\'s instructions. Total protein isolated from vmPFC tissue samples was determined with use of the BCA assay (Thermo Fisher, Waltham, MA). Equal amounts of diluted samples were added to each well of the ELISA kit (96 wells) coated with the appropriate antibody. Data were expressed as the amount of cytokine (pg) per total protein (mg) (mean ± SEM). Data were generated from 6 to 8 rats per group.

Golgi Staining
--------------

Golgi staining was performed to document any potential changes in neuronal dendrites and dendritic spines within vmPFC neurons using the FD Rapid GolgiStain™ Kit (FD Neuro-Technologies, MD21041, USA) according to the manufacturer\'s instructions. Briefly, brains were immersed in the impregnation solution (A/B = 1:1, total 15 ml/rat) at room temperature in the dark. Two weeks later, brains were transferred into Solution C and stored at 4°C in the dark for three days. Brains were then sectioned serially into 100 μm coronal sections and each section was transferred to a gelatin-coated slide with solution C and then dried naturally at room temperature in the dark for up to 3 days. The sections were then placed in a mixture consisting of solution D, solution E, and distilled water (1:1:2) for 10 min followed by a dehydration series consisting of 50, 75, 95, and 100% ethanol, for 4 applications at 4 min each. The sections were then cleaned in xylene and cover-slipped with Rhamsan gum for light microscopic observation. In each section, at least 3--5 dendritic segments of apical dendrites per neuron were randomly selected, and 5 pyramidal neurons were analyzed per animal. For each group, at least 4 rats were analyzed with use of Image-Pro plus 6.0 software.

Transmission Electron Microscopy (TEM)
--------------------------------------

Transmission electron microscopy (TEM) analysis was performed to assess vmPFC neuronal ultrastructure. The tissues were then placed in 2.5% glutaraldehyde at 4°C for 4 h followed by fixation with 1% osmium tetroxide for 2 h. After a series of graded ethanol dehydrations, the tissues were infiltrated with a mixture of one-half propylene oxide overnight and embedded in resin. The tissues were then cut into ultrathin sections (70 nm) and stained with 4% uranyl acetate for 20 min followed by 0.5% lead citrate for 5 min. Ultrastructure of the vmPFC was then observed with use of TEM (Philips Tecnai 20 U-Twin, Holland). In this study, at least 30 micrographs were randomly taken from each rat for analysis using Image J analysis software (NIH, Scion Corporation, Frederick, MD).

Statistical Analysis
--------------------

Data were presented as the mean ± standard error of the mean. The results were analyzed with SPSS version 13.0 (SPSS Inc., Chicago, IL, United States). Statistical significance of differences among groups was evaluated by one-way or two-way analysis of variance (ANOVA) with the Tukey\'s multiple-comparison test for *post-hoc* comparisons. *P* \< 0.05 was required for results to be considered statistically significant.

Results {#s3}
=======

Ginsenoside Rg1 Treatment Ameliorated Depression-Like Behaviors Resulting From CUMS Exposure
--------------------------------------------------------------------------------------------

Results obtained from the sucrose preference test showed that the percent of sucrose consumption was significantly different among the four groups \[*F*~(3,\ 68)~ = 20.65, *P* \< 0.01\] (Figure [1B](#F1){ref-type="fig"}). *Post-hoc* analysis revealed that 5-weeks of CUMS exposure significantly reduced the percent of sucrose consumption in stressed rats as compared with that of the non-stressed control group (*P* \< 0.01), while chronic pretreatment of ginsenoside-Rg1 (40 mg/kg daily) significantly increased the percent of sucrose consumption in CUMS-exposed rats as compared to that of the stressed rats (*P* \< 0.01). There were no statistically significant differences between the ginsenoside-Rg1 pretreated control group and control groups with regard to sucrose consumption (*p* \> 0.05).

Results of the forced swim test showed that there were significant differences among the four groups with regard to both immobility \[*F*~(3,\ 68)~ = 17.32, *P* \< 0.01\] and swimming \[*F*~(3,\ 68)~ = 16.89, *P* \< 0.01\] times (Figure [1C](#F1){ref-type="fig"}). *Post-hoc* analysis indicated that 5-weeks of CUMS exposure significantly increased immobility times (*P* \< 0.00) and decreased swimming times (*P* \< 0.01) in rats as compared to the non-stressed control group. In contrast, pretreatment with ginsenoside-Rg1 reversed these effects, with statistically significant decreases in immobility and increases in swim times now being observed in the ginsenoside-Rg1 and CUMS-exposure as compared to the stressed rats (*P* \< 0.01). No significant differences in immobility and swim times were obtained between the ginsenoside-Rg1 pretreated control group and control groups in the forced swim test (*P* \> 0.05). Overall, the results obtained from these behavioral tests demonstrate that chronic ginsenoside-Rg1 treatment exerted a potential antidepressant-like effect in this CUMS-induced depression rat model.

Ginsenoside-Rg1 Treatment Reduced CUMS Exposure-Induced Microglial Activation and Inflammatory Cytokine Expression Within the vmPFC
-----------------------------------------------------------------------------------------------------------------------------------

Activation of glia cells was used as a means to assess possible involvement of neuroinflammatory responses as related to the anti-depressant effects induced by ginsenoside-Rg1. The results of the Iba1 immunohistochemistry assay showed that after 5-weeks of CUMS exposure, vmPFC microglial morphology demonstrated obvious alterations as compared with that of non-stressed rats, characterized by soma enlargement and ramified process retraction (Figure [2A](#F2){ref-type="fig"}). In addition to these morphological changes, ANOVA revealed that the number of Iba-1^+^ microglia within the vmPFC region was significantly different among the four groups \[*F*~(3,\ 20)~ = 18.72, *P* \< 0.01\]. *Post-hoc* analysis indicated that the 5-weeks of CUMS exposure significantly increased the number of activated vmPFC microglia as compared to the non-stressed control rats (*P* \< 0.001). These changes in microglia number were significantly reversed by chronic pretreatment with ginsenoside-Rg1 (*P* \< 0.01). No significant differences were obtained between the ginsenoside-Rg1 pretreated control group and control groups with regard to the Iba-1^+^ microglia number (*p* \> 0.05).

![Ginsenoside-Rg1 attenuated microglial activation and inflammatory cytokine expressions induced by CUMS-exposure. **(A)** CUMS exposure significantly increased the number of Iba1 positive microglial cells within the vmPFC. Microglial cells retracted their processes and assumed a rounded morphology indicative of activated microglia. All of these CUMS-induced effects were significantly attenuated by ginsenoside-Rg1 pretreatment. **(B)** Real-time quantitative PCR assays showed that CUMS exposure increased IL-1β, IFN-γ, and TNF-α mRNA expression within the vmPFC, effects which were suppressed by ginsenoside-Rg1. **(C)** ELISA assays showed that CUMS exposure increased IL-1β, IFN-γ, and TNF-α protein expressions within the vmPFC, effects which were ameliorated by ginsenoside-Rg1. Data were presented as the means ± SEM (*N* = 6). ^\*\*\*^*P* \< 0.001 CUMS vs. Control group; ^\#\#^*P* \< 0.01 G-Rg1+CUMS vs. CUMS group. G-Rg1, Ginsenoside-Rg1.](fimmu-09-02889-g0002){#F2}

Inflammatory responses mediated by activation of glia cells usually trigger cytokine secretions. Therefore, expressions of several critical pro-inflammatory cytokines were measured. Results showed that there were significant differences among the four groups with regard to the mRNA (Figure [2B](#F2){ref-type="fig"}) and protein (Figure [2C](#F2){ref-type="fig"}) levels of IL-1β \[qPCR: *F*~(3,\ 20)~ = 21.26, *P* \< 0.01; ELISA: *F*~(3,\ 20)~ = 18.74; *P* \< 0.01\], IFN-γ \[qPCR: *F*~(3,\ 20)~ = 15.92, *P* \< 0.01; ELISA: *F*~(3,\ 20)~ = 16.19, *P* \< 0.01\] and TNF-α \[qPCR: *F*~(3,\ 20)~ = 18.33, *P* \< 0.01; ELISA: *F*~(3,\ 20)~ = 16.76, *P* \< 0.01\]. *Post-hoc* analysis indicated that 5-weeks of CUMS exposure significantly increased expression levels of pro-inflammatory cytokines within the vmPFC as compared to that observed in the non-stressed control group (*P* \< 0.001). Ginsenoside-Rg1 treatment significantly prevented these increases in cytokines resulting from CUMS as compared with that of the CUMS-exposed groups (*P* \< 0.01). There were no differences between the ginsenoside-Rg1 pretreated control group and control groups with regard to IL-1β, IFN-γ, and TNF-α expression within the vmPFC (*p* \> 0.05).

Ginsenoside-Rg1 Treatment Decreased CUMS Exposure-Induced Reactive Astrogliosis Within the vmPFC
------------------------------------------------------------------------------------------------

As astroglial activation also plays a crucial role in neuroinflammatory responses, we next investigated the effect of ginsenoside-Rg1 on astroglial activation in this depression animal model. As shown in Figure [3A](#F3){ref-type="fig"}, there were significant differences among the four groups with regard to the number of GFAP positive astroglia within the vmPFC region \[*F*~(3,\ 20)~ = 17.09, *P* \< 0.01\]. *Post-hoc* analysis indicated that the 5-weeks of CUMS exposure induced a remarkable activation of astroglial responses within the vmPFC of rats (*P* \< 0.001), an effect which was significantly prevented by chronic ginsenoside-Rg1 administration (*P* \< 0.01, Figure [3B](#F3){ref-type="fig"}). Moreover, astroglial GFAP up regulation, together with the cellular hypertrophy and protuberance extension were also observed in vmPFC regions after CUMS exposure as determined using confocal microscopy (*p* \< 0.01, Figures [3A,C](#F3){ref-type="fig"}). In addition, CUMS exposure also reduced GFAP expression as determined with Western Blot \[*F*~(3,\ 20)~ = 14.82, *P* \< 0.01\], while pre-treatment with ginsenoside-Rg1 prevented this effect of chronic stress on astroglial activation (*P* \< 0.05, Figure [3D](#F3){ref-type="fig"}). These results indicate that CUMS exposure produces a substantial increase in glial activation within the vmPFC, and that ginsenoside-Rg1 treatment can significantly suppress this effect.

![Ginsenoside-Rg1 ameliorated reactive astrogliosis within the vmPFC as induced by CUMS-exposure. **(A)** CUMS exposure significantly increased the number of GFAP (red) positive astroglial cells within the vmPFC, effects which were attenuated by ginsenoside-Rg1 pretreatment. Nuclei (blue) are stained with DAPI. Scale bar is 100 μm (upper) or 20 μm (bottom). **(B)** Bar graph illustrating the mean number of astrocytes within the vmPFC region of rats. At least 12 micrographs from 6 rats per group were analyzed. **(C)** Bar graph illustrating the Fluorescence intensity of GFAP within the vmPFC region of rats. **(D)** GFAP levels within the vmPFC region were measured at 3 days after CUMS with use of Western blot. Bar graphs show quantification of GFAP levels from Western blot. *N* = 6 per group. Data were presented as the means ± SEM. ^\*\*^*P* \< 0.01, ^\*\*\*^*P* \< 0.001 CUMS vs. Control group; ^\#^*P* \< 0.05, ^\#\#^*P* \< 0.01 G-Rg1+CUMS vs. CUMS group. (G-Rg1, Ginsenoside-Rg1).](fimmu-09-02889-g0003){#F3}

Ginsenoside-Rg1 Treatment Attenuated CUMS Exposure-Induced Oxidative Stress Within vmPFC Neurons
------------------------------------------------------------------------------------------------

Results from the DHE assay demonstrated that ROS levels were significantly increased after 5-weeks of CUMS exposure as compared with that of the non-stressed group \[*F*~(3,\ 20)~ = 15.79, *P* \< 0.01\] (Figures [4A](#F4){ref-type="fig"},**C**). Pre-treatment with ginsenoside-Rg1 significantly reduced ROS levels as compared with that obtained within the CUMS exposed groups (*P* \< 0.01). 4-HNE, a stable product of lipid peroxidation, has been implicated as a key mediator of oxidative stress induced cell death. Similarly, vmPFC 4-HNE levels were significantly increased in CUMS exposed rats (Figures [4B,D](#F4){ref-type="fig"}), while ginsenoside-Rg1 pre-treatment displayed evidence of reducing this oxidative stress as indicated by decreased 4-HNE staining relative to that observed in CUMS-exposed rats (*P* \< 0.05). These results reveal that early increase in oxidative damage within the vmPFC is one consequence of CUMS exposure. Moreover, increased levels of MDA in response to CUMS exposure were also observed within the vmPFC region, whereas ginsenoside-Rg1 pre-treatment suppressed this generation of CUMS-induced MDA \[*F*~(3,\ 20)~ = 16.18, *P* \< 0.05\] (Figure [4E](#F4){ref-type="fig"}). Together, these data suggest that ginsenoside-Rg1 exerts protective effects on *in vivo* stress-induced oxidative damage.

![Ginsenoside-Rg1 attenuated oxidative stress in vmPFC neurons as induced by CUMS exposure. **(A)** Representative images of DHE staining (red) within the vmPFC area from each group rats for ROS analysis. Nuclei (blue) are stained with DAPI. Scale bar is 20 μm. **(B)** Representative images of 4-HNE staining (red) vmPFC area from each group rats. Nuclei (blue) are stained with DAPI. Scale bar is 20 μm. **(C)** Bar graph illustrating the quantitative data of relative fluorescence of ROS within the vmPFC area of rats. Values are expressed relative to those of the control group. *N* = 6 per group. **(D)** Bar graph illustrating the quantification of 4-HNE within the vmPFC area of rats. Values are expressed relative to those of the control group. *N* = 6 per group. **(E)** MDA analysis was performed and levels were normalized to the protein content. *N* = 10 per group. Data were presented as the means ± SEM. ^\*^*P* \< 0.05, ^\*\*^*P* \< 0.01, ^\*\*\*^*P* \< 0.001 CUMS vs. Control group; ^\#^*P* \< 0.05, ^\#\#^*P* \< 0.01 G-Rg1+CUMS vs. CUMS group. G-Rg1, Ginsenoside-Rg1.](fimmu-09-02889-g0004){#F4}

Ginsenoside-Rg1 Treatment Attenuated CUMS Exposure-Induced Changes in Synaptic Structure Within the vmPFC
---------------------------------------------------------------------------------------------------------

To determine further whether neuronal deficits induced by CUMS exposure, involve structural changes in vmPFC neurons which can be prevented by neuroprotective mechanisms of ginsenoside-Rg1, a Golgi staining assay was used to assess dendritic spine densities. Results from the Golgi staining assay showed that the density of dendritic spines were significantly different among the four groups \[*F*~(3,\ 12)~ = 19.64, *P* \< 0.01\] (Figure [5A](#F5){ref-type="fig"}). *Post-hoc* analysis showed that 5-weeks of CUMS exposure markedly decreased the density of dendritic spines within vmPFC regions as compared with that of the non-stressed control group. These CUMS exposure-induced changes in dendritic spine densities were significantly ameliorated by pretreatment with ginsenoside-Rg1 (*P* \< 0.05). We also examined the synaptic ultrastructure of vmPFC neurons using transmission electron microscopy. ANOVA showed an overall significant difference among the four groups with regard to the synaptic number density within the vmPFC \[*F*~(3,\ 12)~ = 17.61, *P* \< 0.01\]. As shown in Figure [5B](#F5){ref-type="fig"}, 5-weeks of CUMS exposure resulted in a significant decrease in MPFC synapse numbers as compared to that of the non-stressed control group, whereas chronic pretreatment with ginsenoside-Rg1 significantly ameliorated this synaptic loss (*P* \< 0.05). No significant differences between the ginsenoside-Rg1 pretreated control group and control groups were obtained with regard to dendritic spine and synapse density within the vmPFC (*P* \> 0.05). These morphological results indicate that the neuroprotective ability of ginsenoside-Rg1 upon the structure of vmPFC neurons may serve as one of the important mechanistic bases for its antidepressant-like effects.

![Ginsenoside-Rg1 ameliorated the deficits of dendritic spine and synapse in vmPFC neurons as induced by CUMS exposure. **(A)** Representative images of Golgi staining of the vmPFC area from each group rats. Scale bar is 10 μm. Bar graph illustrating the mean spine density of dendrites within the vmPFC area of rats. At least 12 dendritic segments (100 μm) from neurons of 4 rats per group were analyzed. **(B)** Representative electron micrograph of vmPFC neurons in rats from each group. Arrows indicate spine synapses. Scale bar is 0.5 μm. Bar graph illustrating the mean synapse density within the vmPFC area. At least 30 micrographs from neurons of 4 rats per group were analyzed. Chronic pretreatment with ginsenoside-Rg1 significantly ameliorated the decrease of vmPFC neuronal dendritic spines and synapses in CUMS-exposed rats. Data were presented as the means ± SEM. ^\*\*^*P* \< 0.01 CUMS vs. Control group; ^\#^*P* \< 0.05 G-Rg1+CUMS vs. CUMS group. G-Rg1, Ginsenoside-Rg1.](fimmu-09-02889-g0005){#F5}

Ginsenoside-Rg1 Treatment Up-Regulates Synaptic-Related Protein Expression Within the vmPFC
-------------------------------------------------------------------------------------------

Whether CUMS-exposure also affects synaptic-associated proteins and the potential modulation of this effect by ginsenoside-Rg1 treatment was investigated through use of assays involving the expression and/or activity of CREB, BDNF, PSD-95, and synaptophysin, all of which are considered to be involved in neuronal synaptogenesis processes. Results from immunofluorescence assays showed that these biochemical markers of immunoreactive cells were all significantly reduced in vmPFC regions after 5-weeks of CUMS-exposure when compared with the non-stressed control group \[p-CREB: *F*~(3,\ 20)~ = 16.73, *P* \< 0.01; BDNF: *F*~(3,\ 20)~ = 14.96, *P* \< 0.01; PSD-95: *F*~(3,\ 20)~ = 17.28, *P* \< 0.01; synaptophysin: *F*~(3,\ 20)~ = 15.57, *P* \< 0.01\] (Figures [6A,B](#F6){ref-type="fig"}). In contrast, ginsenoside-Rg1 treatment significantly up-regulated levels of these immunoreactive cells as compared to the CUMS-exposed group (*p* \< 0.05).

![Ginsenoside-Rg1 up-regulated synaptic-related proteins within the vmPFC region as induced by CUMS-exposure. **(A)** Immunofluorescence analysis of phosphorylated CREB, BDNF, PSD-95, and synaptophysin in vmPFC regions and **(B)** histograms showing the fluorescence intensities in the vmPFC neurons of each group. Nuclei are stained with DAPI in blue. Scale bar is 20 μm. *N* = 6 per group. **(C)** Western blot analysis of phosphorylation levels of CREB and protein expression levels of BDNF, PSD-95, and synaptophysin within the vmPFC regions. Normalized intensity bands are presented as the means ± SEM. *N* = 6 per group. ^\*^*P* \< 0.05, ^\*\*^*P* \< 0.01 CUMS vs. Control group; ^\#^*P* \< 0.05 G-Rg1+CUMS vs. CUMS group. G-Rg1, Ginsenoside-Rg1; Syn, Synaptophysin.](fimmu-09-02889-g0006){#F6}

The results from western blot assays also showed that there was a significant decrease in the phosphorylation of CREB protein \[*F*~(3,\ 20)~ = 15.89, *P* \< 0.01\], as well as a decrease in the expression of BDNF \[*F*~(3,\ 20)~ = 17.15, *P* \< 0.01\], PSD-95 \[*F*~(3,\ 20)~ = 18.76, *P* \< 0.01\], and synaptophysin \[*F*~(3,\ 20)~ = 16.44, *P* \< 0.01\] in response to CUMS exposure (Figure [6C](#F6){ref-type="fig"}). Chronic pretreatment with ginsenoside-Rg1 significantly ameliorated this CUMS-induced down-regulation of these synaptic-related protein expressions (*P* \< 0.05). These findings indicate that the amelioration of CUMS exposure-induced reductions in synaptic-related protein expressions by ginsenoside-Rg1 may represent another significant mechanistic component involved with its antidepressant-like effects to CUMS-exposure.

Ginsenoside-Rg1 Treatment Reduced CUMS Exposure-Induced Neuronal Apoptosis Within the vmPFC
-------------------------------------------------------------------------------------------

In order to assess the apoptotic effects of CUMS-exposure, the TUNEL Staining assay was initially used to observe the density of apoptotic cells within the vmPFC. As shown in Figures [7A,E](#F7){ref-type="fig"}, TUNEL positive labeled cells displayed an overall statistically significant difference among the four groups \[*F*~(3,\ 20)~ = 17.23, *P* \< 0.01\]. *Post-hoc* analysis indicated that the density of apoptotic cells significantly increased within the vmPFC of CUMS-exposed rats as compared with that of the non-stressed control group (*P* \< 0.001). Moreover, immunohistochemistry assays showed that NeuN positive labeled cells were also significantly decreased within the vmPFC regions after 5-weeks of CUMS-exposure (*P* \< 0.01) (Figures [7B,F](#F7){ref-type="fig"}). Chronic ginsenoside-Rg1 pretreatment markedly inhibited this massive cell loss in the vmPFC area of CUMS-exposed rats (*P* \< 0.05). Furthermore, NeuN/cleaved Caspase 3 positive double labeled cells were significantly increased within the vmPFC regions after 5-weeks of CUMS-exposure (*P* \< 0.01) (Figures [7C,G](#F7){ref-type="fig"}), which could be reversed by chronic ginsenoside-Rg1 pretreatment (*P* \< 0.05). TEM results demonstrated that vmPFC neurons within CUMS-exposure rats showed strong staining within condensed portions of chromosomes, which were accompanied with nuclear chromatin margination, aggregation and condensation. In contrast, these apoptotic morphological changes induced by CUMS exposure were obviously alleviated by chronic pretreatment with ginsenoside-Rg1 (Figure [7D](#F7){ref-type="fig"}).

![Ginsenoside-Rg1 reduced neuronal apoptosis within the vmPFC region as induced by CUMS-exposure. **(A)** Representative images of TUNEL staining from the vmPFC region. Scale bar is 20 μm. *N* = 4 per group. **(B)** Representative images of immunohistochemical staining of NeuN expression within the vmPFC region. Scale bar is 20 μm. *N* = 4 per group. **(C)** Representative images of immunofluorescence staining of NeuN/cleaved Caspase 3 double labeled positive cells within the vmPFC region. Scale bar is 20 μm. *N* = 4 per group. **(D)** Representative electron micrograph of vmPFC neuronal ultrastructure revealing nuclear chromatin aggregation, condensation and margination. Scale bar is 1 μm. **(E)** Bar graphs show quantification of TUNEL positive cells density in the vmPFC region. **(F)** Bar graphs show quantification of NeuN positive cells density in the vmPFC region. **(G)** Bar graphs show quantification of NeuN/cleaved Caspase 3 positive cells in the vmPFC region. *N* = 6 per group. Data were presented as the means ± SEM. ^\*\*^*P* \< 0.01, ^\*\*\*^*P* \< 0.001 CUMS vs. Control group; ^\#^*P* \< 0.05, ^\#\#^*P* \< 0.01 G-Rg1+CUMS vs. CUMS group. G-Rg1, Ginsenoside-Rg1.](fimmu-09-02889-g0007){#F7}

Ginsenoside-Rg1 Treatment Suppressed CUMS Exposure-Induced Expression of Apoptosis-Related Proteins Within the vmPFC
--------------------------------------------------------------------------------------------------------------------

To corroborate the above results, we next examined the effects of CUMS-exposure on the expression of apoptosis-related proteins. Our results revealed that there were significant differences among the four groups with regard to immunoreactive (Figures [8A,B](#F8){ref-type="fig"}) and protein (Figure [8C](#F8){ref-type="fig"}) levels of cleaved caspase-3 \[IHC: *F*~(3,\ 12)~ = 16.75, *P* \< 0.01; WB: *F*~(3,\ 20)~ = 13.49; *P* \< 0.05\], caspase-9 \[IHC: *F*~(3,\ 12)~ = 15.17, *P* \< 0.01; WB: *F*~(3,\ 20)~ = 14.56, *P* \< 0.05\], and Bcl-2 \[IHC: *F*~(3,\ 12)~ = 15.32, *P* \< 0.01; WB: *F*~(3,\ 20)~ = 12.29, *P* \< 0.05\]. *Post-hoc* analysis indicated that ginsenoside-Rg1 pretreatment significantly prevented the increased expression levels of Caspase-3 and Caspse-9, along with the decreased expression levels of Bcl-2 within the vmPFC which resulted from CUMS exposure (*P* \< 0.01). Taken together, these results provide evidence that suppression of pro-apoptotic factors expression and neuronal apoptosis may contribute to the antidepressant-like effects of ginsenoside-Rg1. In addition, to clarify the possible mechanisms of the anti-inflammatory and anti-apoptotic effects of ginsenoside-Rg1, our results further revealed that there were significant differences among the four groups with regard to the phosphorylated levels of p38 MAPK \[*F*~(3,\ 20)~ = 14.86; *P* \< 0.05\], NF-κB p65 subunit \[*F*~(3,\ 20)~ = 15.73; *P* \< 0.05\], and protein levels of Nrf2 \[*F*~(3,\ 20)~ = 12.94; *P* \< 0.05\]. *Post-hoc* analysis indicated that ginsenoside-Rg1 pretreatment significantly prevented the increased expression levels of Caspase-3 and Caspse-9, along with the decreased expression levels of Bcl-2 within the vmPFC which resulted from CUMS exposure (*P* \< 0.01) (Figure [8D](#F8){ref-type="fig"}).

![Ginsenoside-Rg1 suppressed the expression of apoptosis-related proteins within the vmPFC region as induced by CUMS-exposure. **(A)** Expression of cleaved caspase-3, caspase-9, and Bcl-2 within with the vmPFC region with use of immunohistochemical staining. Scale bar is 20 μm. **(B)** Bar graphs show quantification of cleaved caspase-3, caspase-9, and Bcl-2. Values are expressed relative to those of the control group. **(C)** Expression of cleaved caspase-3, caspase-9, and Bcl-2 within with the vmPFC region with use of Western Blot assays. **(D)** Expression of phosphorylated p38, p65, and Nrf2 within with the vmPFC region with use of Western Blot assays. *N* = 6 per group. Data were presented as the means ± SEM. ^\*^*P* \< 0.05, ^\*\*\*^*P* \< 0.001 CUMS vs. Control group; ^\#^*P* \< 0.05, ^*\#\#*^*P* \< 0.01 G-Rg1+CUMS vs. CUMS group. G-Rg1, Ginsenoside-Rg1.](fimmu-09-02889-g0008){#F8}

Discussion {#s4}
==========

Depression has become one of the most prevalent psychiatric disorders and imposes a substantial societal burden ([@B31], [@B32]). Classical antidepressants currently used for treatment of depression usually induce many side effects and possess low efficacy ([@B33]). There exists evidence indicating a potential role for ginsenoside-Rg1 in the treatment of depression ([@B34]), although the mechanisms have yet to be determined. In this study, our findings demonstrate that ginsenoside-Rg1 ameliorated behavioral dysfunctions induced by chronic stress via attenuating activation of microglia and astrocytes as well as by decreasing the overexpression in a series of pro-inflammatory cytokines, decreasing structural deficits in dendritic spines and synapses and ameliorating neuronal apoptosis within the vmPFC. These processes may then represent significant mechanistic components responsible for the antidepressant effects of ginsenoside-Rg1 via suppressing neurodegeneration in vmPFC region.

The CUMS-induced animal model of depression is widely used for investigating the underlying mechanisms of depression and for screening the efficacy of antidepressants as assessed with use of behavioral tests indicative of depression ([@B35], [@B36]). Our behavioral assays show that CUMS induces depression-like behaviors in rats as revealed in the sucrose preference and forced swim tests, results which were similar to those of previous reports ([@B37], [@B38]). These CUMS-induced behavioral responses were prevented with chronic pretreatment of ginsenoside-Rg1, suggesting that ginsenoside-Rg1 treatment exerts antidepressant-like effects in this CUMS-induced animal model of depression.

More importantly, in this report, we examined several potential mechanistic bases for this antidepressant-like effect. One of the main findings was the anti-inflammatory effects exerted by ginsenoside-Rg1 in response to chronic stress as demonstrated by the suppression of microglia and astrocytic activation in vmPFC regions. Neuroinflammation plays a critical role in the pathogenesis of various neurological disorders including depression ([@B7], [@B39]). As microglia is the resident immune cell in brain, they normally respond to various neuropathological stimuli, including stress, injury, and infection ([@B40]). Once activated, a rapid proliferation in microglia densities and morphological changes result, followed by the release of pro-inflammatory cytokines, such as IL-1, TNF-α, and IFN-γ. This cascade then contributes to neuronal damage, cell death and astroglial activation, all of which represent possible factors associated with major depressive disorder ([@B41], [@B42]). It was reported that in depressed patients, elevated microglia activation is associated with individuals who committed suicide ([@B43], [@B44]). Interestingly, one of the mechanisms of antidepressant treatment may involve reductions in microglial activation and serum levels of IL-1β, suggesting that pro-inflammatory cytokines can be used as a potential targets in the treatment of depression ([@B45]--[@B47]). Astrocyte is another important immune cell which occurs in response to pathological stimuli. In addition to these effects of microglia, astrocyte activation also results in release of some neurotoxic factors, for example cytokines. Accordingly, prevention of reactive astrogliosis is becoming a critical issue in the development of therapeutic interventions for brain injury ([@B48], [@B49]). Consistently, the findings of our current study show that in this chronic stress-induced model of depression, the presence of depression-like behaviors was associated with elevations in microglial and astrocytic activation within the vmPFC. Chronic stress increased inflammatory cytokines and GFAP expression levels within the vmPFC, an effect which was associated with cellular hypertrophy of microglia and astrocytes. However, our current findings demonstrating that chronic ginsenoside-Rg1 treatment significantly suppressed inflammatory cytokine levels as well as microglial activation. In addition, in the present study, we also found ginsenoside-Rg1 could decreased CUMS exposure-induced astroglial activation and reduced GFAP expression in vmPFC region.

It should be noted that, ginsenoside Rg1 was also reported showing anti-inflammation effects in other brain areas which associated with depression. For example, ginsenoside Rg1 inhibited the inflammation mediated by LPS via suppressing NFκB and MAPK pathway in both cerebral cortex and hippocampus ([@B50]). In addition, previous studies provide evidence that ginsenoside Rg1 can improve cognitive ability by enhancing the antioxidant and anti-inflammatory capacity in the hippocampus ([@B23]). Moreover, in our previous study, we also found that ginsenoside Rg1 reverses chronic stress-induced depression-like behaviors, BDNF expression and the phosphorylation levels of PKA and CREB in amygdala, another important brain area associated with depression ([@B15]). These results demonstrated that ginsenoside-Rg1 appears to be a multi-target natural compound that may modulate numerous pathways, of which detailed characterization of the neuronal mechanisms worthy of study. For this depression animal model used in the present study, we suspect that ginsenoside-Rg1 may also exert neuroprotective effects in dentate gyrus and CA1 regions of hippocampus. Taken together, our results provide strong evidence that ginsenoside-Rg1 might exert antidepressant-like effects through attenuating inflammation responses.

Depression is considered associated with structural and functional injuries within specific brain regions ([@B51]). Dendrite aberration is a common feature of stress-related neurodegenerative diseases, but the underlying mechanisms remain largely elusive. Recent evidence has demonstrated that impairments in neuroplasticity are mediated through various neuroimmune mechanisms under pathophysiological conditions associated with depression ([@B52]--[@B54]). In the present study, we evaluated the effects of chronic stress and pretreatment with ginsenoside-Rg1 on neuronal dendritic spine morphology and the expression of a variety of key regulators of synaptic structure in rats. Here, we show that chronic stress resulted in defective terminal dendrite spine density accompanied by a loss of spines and synapses. Such reductions in input to plasma membranes of vmPFC neurons would likely result in the synaptic transmission deficiencies and thus behavioral changes. Synaptophysin and PSD-95 are now well accepted as being scaffolding proteins that have been implicated in the regulation of synapse function. In our current study, the stress-induced changes in spine synapse number were accompanied with a decrease in the specific dendritic spine protein, synaptophysin, as well as in levels of the postsynaptic protein, PSD-95. In addition, some important synaptic plasticity-related regulating proteins, such as CREB and BDNF, were also subject to modulation by the chronic stress paradigm. More importantly, ginsenoside-Rg1 treatment significantly ameliorated these decreased spine synaptic densities and expression levels of synaptic-related proteins, effects that were associated with improving behavioral deficits resulting from chronic stress. Recent evidence has implicated that ginsenoside Rg1 promotes the neural differentiation via upregulation of miRNA-124 expression ([@B55]), as well as promotes angiogenesis possibly through the modulation of miRNA-214 and miRNA-23a expression ([@B56], [@B57]). Similarly, in our recent studies, we found that miR-134-mediated deficits of spine synapse may be related to the depression-like behaviors in stressed rats, and ginsenoside-Rg1 could prevent the overexpression of miR-134 in vmPFC induced by chronic stress ([@B58]). It is suggested that the transcription factor CREB and BDNF are two important potential targets of miRNA-134 which could inhibit the translation of mRNAs of these plasticity-associated proteins. Ginsenoside-Rg1 is a natural steroidal saponin which suggested could across biological membranes. Therefore, we proposed that ginsenoside-Rg1 may up-regulate the expression of CREB and BDNF via preventing the suppressive effects of miRNA-134 on their mRNA, and thus ameliorated the dendrite synaptic deficits. Therefore, these results suggest that ginsenoside-Rg1 regulates structural deficits of spine synapses in response to chronic stress through its neuroprotective properties and may thus induce antidepressant-like effects.

Aside from neuroinflammation and synaptic deterioration as described above, additional critical mechanisms underlying the neuroprotective effects of ginsenoside-Rg1 against depression-like behaviors were also investigated in the present study. Inflammatory cytokines are now considered as important pro-apoptotic factors involved in the progression of neurological disorders ([@B59]). For example, intra-striatal IL-1β administration in rats, which triggers inflammatory responses, is subsequently accompanied with increased apoptosis 24 h post-injection, an effect which then promotes brain injury ([@B60]). In the present study, we found that the depression-like symptoms observed in rats following chronic stress were accompanied by a marked increasing in neuronal apoptosis within vmPFC regions. These findings reveal a new potential mechanism through which chronic stress can induce brain injury. In support of this eventuality are our current results demonstrating that CUMS exposure significantly increases the number of TUNEL positive apoptotic cells in this area. Moreover, the double labeling experiments with NeuN and cleaved caspase 3 also confirmed that the neuronal cell population undergoing apoptosis after chronic stress. Furthermore, ultrastructural changes reveal that nuclear chromatin margination and nuclear karyopyknosis were clearly present in apoptotic cells of rats subjected to CUMS exposure. Recent studies in our laboratory have shown that chronic stress induced microglial activation and overexpression of the pro-inflammatory cytokine IL-1β in vmPFC region, while pretreatment of IL-1β antagonists significantly ameliorated the deficits of neuronal structure, as well as repressed the display of depression-like behaviors induced by CUMS ([@B61]). These results suggested that neuroinflammatory responses may cause the neuronal structural changes and in turn the cell death in depression animal models induced by chronic stress. Reversely, the increased neuronal cell loss may further strengthen the inflammatory responses, this interaction let them worked synergistically to cause the depression-like behaviors.

Previous studies have reported that ginsenoside Rg1 could protect against inflammation and neuron apoptosis in hippocampus region in cerebral ischemia-reperfusion rats by activating PPARγ/HO-1 signaling pathway ([@B62], [@B63]). While, to our knowledge, there exists no evidence indicating any anti-apoptotic effects of ginsenoside-Rg1 as related to its anti-depression effects, in this study, we now show that chronic ginsenoside-Rg1 treatment significantly suppressed neuronal apoptosis in vmPFC region induced by stress in this rat model of depression. These effects likely involve the downregulation in the activation of pro-apoptotic proteins, Bak, Caspase-3, and Caspase-9, and an upregulation in the anti-apoptotic protein, Bcl-2, within the vmPFC of stressed rats. Notably, this anti-apoptosis capacity of ginsenoside-Rg1 treatment might represent one of its most pivotal components responsible for the beneficial recovery in depressive phenotypes. Therefore, these findings not only confirm the neuroprotective effects of ginsenoside-Rg1 in this CUMS-induced depression model but offer new insights into the mechanistic basis for this neuroprotection, namely through its ability to promote anti-apoptosis.

Recently, increasing evidence has revealed that the MAPK pathway represents an important signal transduction pathway in the regulation of inflammation and apoptosis ([@B64]). The studies reported that the pro-inflammatory factor IL-1β could activate p38 MAPK cascades ([@B65]) and has been shown to induce robust neuronal apoptosis resulting in neuronal injury within the rat hippocampus ([@B66]). Our present results showed that chronic stress significantly increased the expression of phosphorylation levels of p38 MAPK within the vmPFC region that could be significantly reversed by ginsenoside-Rg1. It is considered that the released inflammatory factors can activate amplification of NF-κB activity, then the nuclear translocation of NF-κB p65 subunit subsequently leads to further gene expression of various pro-inflammatory cytokines in a regulatory cycle. As a result, the activation of NF-κB triggered expression of pro-apoptotic factor genes, which ultimately leads to apoptosis and neural cell death ([@B67]). Previous studies have demonstrated that ginsenoside-Rg1 could protect hepatocytes against excessive inflammation and hepatocellular apoptosis via preventing the NF-κB pathway ([@B68]--[@B70]) and may prevent against acute liver injury by activating Nrf2 signaling pathway in mice ([@B71]). Consistently, in the present study, we found that pretreatment of ginsenoside-Rg1 significantly reversed the increased phosphorylation levels of NF-κB P65 subunit, as well as reversed the decreased expression of Nrf2 within the vmPFC of these CUMS rats. Taken together, these results suggest that ginsenoside-Rg1 may exert neuroprotective effects through activating Nrf2 signaling pathway and inhibits NF-κB and p38 MAPK activation to reduce neuronal inflammation and apoptosis in CUMS-induced depressive rats. However, detailed molecular mechanisms regarding the means through which chronic stress may induce neuroninflammation and apoptosis will require further investigation.

In summary, these results provide strong evidence enabling us to identify some of the potential neuroprotective mechanisms of ginsenoside-Rg1 as related to the treatment of depression. Specifically, we show that this agent exerts: (1) anti-inflammatory effects by modulating glial activation and pro-inflammatory cytokines expression, (2) amelioration of neuronal structural changes by suppressing deficits of spines and synapses, and (3) anti-apoptosis effects by preventing pro-apoptotic protein levels within localized neuronal sites. Taken together, these findings not only reveal some of the underlying mechanisms for ginsenoside-Rg1\'s neuroprotective effects against neurodegeneration but also provide proposals for novel therapeutic approaches in the treatment of depression.
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